Interface selective transient grating experiments are performed on oriented thin films ( -100 nm) of YBa2Cu307-X, with MgO and SrTiOs substrates. The anisotropic YBazCu30,-, thermal diffusivity constants and the thermal boundary resistance between the thin film and substrate are measured. Four different excitation and probe geometries are utilized such that each geometry results in a unique temporal decay. The grating has a significant amplitude on both sides of the film-substrate interface with a grating wave vector parallel to the interface. The four experimental geometries comprise an over-determined system that can be used to cot&m the validity of the model assumptions. Numerical fits to the experimental data, using a straightforward diffusive model, are performed to obtain information on thermal diffusivity and to demonstrate the applicability of the technique to monitor anisotropic thermal relaxation processes in thin film-substrate structures.
I. INTRODUCTION
Thermal boundary resistance measurements on high temperature superconducting thin films have attracted considerable attention over the past several years.lW6 Much of the interest has arisen from device applications such as infrared detectors based on the bolometric effect.'** A detailed understanding of the thermal contact between the film and its supporting substrate is required for this application. At the relatively elevated temperatures ( > 77 K) typically utilized for high temperature superconductors, the low temperature acoustic mismatch model predicts a boundary resistance (Kapitza temperature jump) that is -10-100 times smaller than has been measured experimentally between YBa&usO,-, (YBCO) films and a variety of substrates. [1] [2] [3] [4] [5] [6] In a recent article5 the transient grating method (see Fig. 1 ) was applied to measure the thermal diffusivity constants and boundary resistance in thin films of YBCO on MgO crystalline substrates. A combination of excitation and probe diffraction geometries was used' to extract the thermal parameters. In modeling the results the substrate was assumed to have infinite thermal conductivity, i.e., the substrate acted as a perfect heat sink. That was a reasonable approximation since MgO has -50 times larger thermal conductivity than YBCO in the direction of the surface normal. The measurements reported in this paper extend on our previous transient grating studies to include the effects of finite thermal conductivity inside SrTiOs and MgO substrates. The more detailed analysis presented in this paper was necessary because the SrTi03 substrate has a much smaller ( -5 times) thermal conductivity than MgO, which in turn leads to a significant breakdown of the perfect heat sink approximation. For finite thermal conductivity of the substrate, the thermal grating extends to both sides of the interface. A theory that includes diffrac-~ tion from such transient gratings has been recently developed." The focus of this paper is the detailed application of this theory to study thermal flow in YBCO thin films in epitaxial contact with SrTiOs and MgO substrates. The quality of fits for the YBCO-MgO system is significantly improved over our previous work.' This is due to more complete description used to model both the thermal flow and the diffraction efficiency from both sides of the interface. Anisotropic bulk thermal diffusivity constants in thin films of YBCO are measured and the thermal boundary resistance is determined.
II. EXPERIMENTAL PROCEDURES
The output of a Q-switched, mode-locked Nd:YAG laser is frequency-doubled to a wavelength of 532 nm and used to excite a sync-pumped dye laser operating at a wavelength of 561 nm. The dye laser is cavity dumped to produce -50 ps, 15 PJ pulses at a 1 kHz repetition rate. Single dye laser pulses are attenuated and then split into three beams of approximately equal energy ( -100 nJ). Two beams are crossed at an epitaxial interface between a c axis oriented 190 nm film of optically absorbing YBCO and an optically transparent MgO( 100) or SrTiO,( 100) substrate as shown in Fig. 1 corresponds to the y-z plane in Fig. 1 . Both MgO( 100) and SrTiO,( 100) substrates are used. The optical density of the films is 0.9 at the experimental wavelength. A detailed description of the sample characteristics and preparation techniques are provided in the literature."V12
Experiments are performed at room temperature under 10m6 Torr vacuum. The grating excitation beams, denoted as hollow arrows in Fig. 1 , are incident from either the substrate or YBCO film side of the interface as shown in parts (a) and (b) of Fig. 1 , respectively. The beams are focused to a 200 pm diam spot size and crossed at an angle 20 in the substrate. Due to refraction the beams then cross at an angle 28' inside the YBCO film. This produces a sinusoidal interference pattern in the YBCO and generates a grating with a wave vector parallel to the interface. Two grating fringe spacings of 0.80 and 4.25 pm were used by changing the angle between the two excitation beams. Absorption of the light pfoduces excited electrons which rapidly thermalize13 in several picoseconds increasing the phonon bath temperature and producing a holographic heat pattern in the film. The generation of the thermal grating (or dielectric constant modulation) leads to a density grating caused by thermal expansion of the YBCO film and by excitation of acoustic waveguide modes. 2V'4'15 The grating is probed by the third pulse, that is incident at the Bragg angle from the same side of the sample as the excitation beams. The probe is temporally delayed and diffracted from the transient holographic grating in both transmitted and reflected geometries to monitor the decay of the grating as depicted by dashed lines in Fig. 1 
and in transmission is
where he(x) is the grating peak to null dielectric constant modulation. Here AR and A, are the Fresnel reflection and transmission coefficients16 for propagation of the undiffracted probe field from negative x to positive x across the interface, and A> is the Fresnel transmission coefficient for propagation in the opposite direction. The probe wave vector magnitude in vacuum is defined as [w/c 1 where w is the probe frequency and c is the speed of light in vacuum. The x component of the probe wave vector inside the substrate and film are denoted k,, and k,, respectively, for excitation incident from the substrate side of the sample [ Fig. 1 (a) ]. For the opposite or film incident excitation geometry, the wave vectors in Eqs.
( 1) and (2) are transposed, i.e., k,, replaces k2x and k,, becomes k,, [Fig. l(b) ]. The unperturbed dielectric constants used in the calculations are obtained from a Kramers-Kronig analysis of the reflection and transmission coefficients from the film and substrate. For the YBCO-SrTiO, sample the index of refraction is determined to be 1.5 for SrTiO, and 1.7 +iO.49 for the YBCO. For the YBCO-MgO sample the index of refraction is determined to be 1.5 for MgO and 1.7+iO.45 for the YBCO. The grating amplitude, Ae(x), is proportional to the time-dependent grating peak to null temperature difference, AT(x,t),
where the proportionality constant, which contains the complex index of refraction and the elasto-optic constant, has been derived previously.5317
The grating temperature difference is obtained by solving the diffusion equation DV"T=$. (4) The diffusion equation is solved numerically using the Crank-Nickolson methodI with the appropriate boundary and initial conditions. The vacuum surface of the 190-nmthick YBCO film and the vacuum surface of the substrate are assumed to have reflecting boundary conditions, i.e., dT/dx=O. The substrates are modeled to be 3 pm wide. This width is large enough to give a negligible temperature rise at the free substrate/vacuum surface. For the substrate interface incident excitation geometry, an initial condition of T(x,y,z,f=O) = (Td2)e@"[
is assumed inside the film, and
T(x,y,z,t=O)=O (6) is assumed in the substrate. Here the grating wave-vector magnitude is defined as 4n-sin(B) B= A 9 (7) where 8 is the half angle between the two excitation beams in vacuum, and T,( s l-10 K) is the initial temperature jump at the incident interface. The exponential term in Eq. ( 1) and (2) for the diffraction efficiency in the reflected and transmitted geometries of diffraction, respectively. The diffraction efficiency is obtained by numerical integration of Eqs.
( 1) and (2) over the film-substrate width. If the grating fringe spacing is small (< 1 pm), then the signal decay is dominated by diffusion of heat between the grating fringes along the grating wave vector (parallel to they axis). This gives a decay that has a dominant single exponential decay component. From the exponential decay constant, the thermal diffusivity in the plane of the film can be extracted from the relation'
Here Damb is the thermal diffusivity constant in the a-b plane of the film (y-z plane in Fig. 1 ).
For very large excitation spot size (> 1 pm), the threedimensional solution to the diffusion equation has a negligible effect on the transient grating signal decay from the diffusion of heat across the laser spot size.' For the moderately large fringe spacing used in part of this work (4.25 ,um), diffusion between the grating fringes has a-weak ( -10%) effect on the transient grating signal decay rate. Rather, the signal decay is dominated by diffusion into the substrate, but diffusion between the grating fringes is also included for accuracy.
At room temperature, the acoustic mismatch model predicts a boundary resistance that is .-10-100 times smaller than has been measured experimentally between YBa$usO,-, (YBCO) films and Mg0.2V3*5 This discrepancy may result because the phonons do not approach the interface as coherent waves as this model assumes. 3'22,23 This incoherence is due to the short phonon mean wavelength ( < 10 A) in YBCO at -300 K. Consequently, the propagation of heat across the interface is modeled as perfectly diffusive in this article, i.e., there are no ballistic phonons which coherently reflect off the interface. 22 If the interface has ideal thermal contact, then any phonon that diffuses to the interface has a 50% probability of propagating either across the interface or back into the material. For an interface that has a significant thermal barrier, this symmetry is broken and the resulting probabilities are unequal. The probabilities used to model the data are linearly related to a unitless thermal barrier parameter f in the following manner. For f = 0, the phonons have a 0% probability of diffusing through the interface corresponding to an infinite thermal boundary resistance. For a material with perfect thermal contact, f = 1 corresponds to the 50% reflecting and 50% transmitting case described above. This can be related to the commonly used units forthe thermal boundary barrier resistance Rbd through the relation W W Rbd=C,pDf=;;S'
where CP, p, w, D, and K are the heat capacity, density, interfacial layer width, c axis thermal diffusivity, and thermal conductivity in YBCO, respectively. An interfacial layer that is 10 h; thick is assumed since there appears to be no disorder on a distance scale larger than a unit cell for YBCO in epitaxial contact with its substrate."4 The heat capacities of the YBCO film, 0.8 J g-' K- ' (Ref. 25) , and substrates, 0.9 J g--l K-' for MgO and 0.5 J g-i K- ' for SrTi03 (Ref. 20) ) are incorporated into the solution of the diffusion equation to ensure conservation of energy for thermal transport across the interface.22
IV. RESULTS AND DISCUSSION
The anisotropic diffusion constants and the boundary resistance can be extracted by analyzing various transient grating excitation and detection geometries that emphasize different features of the thermal diffusivity process in the film and substrate. Figure 1 defines the four grating diffraction geometries used in the experiments to obtain information about the thermal Row in YBCO and through the YBCO/substrate interface.
I. I When the grating excitation beams are incident on the free (vacuum) YBCO surface as depicted in Fig. 1 (b) , the deposition of heat is localized near the YBCO surface. For the surface-reflected geometry (SR), the experiment preferentially probes a region near the free surface. This leads to a situation that is ideally suited for measuring the diffusion constant along the surface normal in the YBCO film. Due to the localization of both the grating generation and signal detection near the free surface, the measurement is virtually unaffected ( -1% perturbation) by the thermal barrier resistance at the film-substrate interface. When the grating excitation beams are incident on the film/substrate interface as is depicted in Fig. 1 (a) , the deposition of heat is initially localized near the interface inside the film. The heat then diffuses into the bulk of the film and across the interface into the substrate. If the grating is detected in an interface-reflected or interfacetransmitted geometry (IR and IT), then the experimental signal decays will be substantially affected by the magnitude of the thermal boundary resistance at the film/ substrate interface.
The diffusion constants in the plane of the YBCO sample (a-b plane) can be determined from the'IT geometry of diffraction with a small grating fringe spacing (0.80 pm) .' The signal decay is dominated by heat tlow from the grating peaks into the grating nulls along the grating wave vector (y axis). Flow perpendicular to the plane (along the x axis), however, weakly effects the signal due to thermal flow from the film into the substrate. To correct for the perturbative effect of thermal flow into the substrate, the data at small fringe spacing (0.80 ,um) is divided by the thermal component of a data set at large fringe spacing (4.25 pm). Since the thermal how into the MgO substrate is independent of the fringe spacing, this causes the effects of substrate thermal flow to be eliminated leaving a predominantly single exponential decay which is only related to thermal diffusivity in the plane of the film. Figure 2 shows a logarithmic plot of the corrected transient grating data for the MgO and SrTi03 substrate samples in parts (a) and (b), respectively, with a linear regression fit through the data. The slope is proportional to the a-b plane YBCO diffusion constants which are equal to 0.023hO.001 cm"/s for the MgO substrate sample and 0.022~0.001 cm"/s for the SrTi03 substrate sample. A small deviation from the fit at short delay time ( < 1 ns) in Fig. 2 is the result of an artifact in the division process from the acoustic waves in the large fringe spacing data. The diffusion constants measured here are within the error I -a . Heat flow rates across the film in the c direction (x direction) and across the interface into the substrate can be extracted by considering all four of the grating geometries illustrated in Fig. 1 . By using a large fringe spacing, the data used for determining the c axis diffusion constant and barrier parameters are virtually independent of thermal Sow in the plane of the film. At a relatively large fringe spacing of 4.25 pm, the signal decays about 10% due to the thermal diffusivity in the a-b plane of the sample on the 16 ns time scale of the experiment. This contribution is contained in the analysis by including the a-b plane diffusion constants obtained from the small fringe spacing experiments described above in the numerical fits to the large fringe spacing data. Figure 3 displays the results of the transient grating experiments taken at large fringe spacing for the four diffraction geometries defined in Fig. 1 . Substantially different temporal decays are observed for the different diffraction geometries. Parts (a) and (b) correspond to data taken on MgO and SrTiO, substrate samples, respectively. The smooth solid curves through the data are the results of the numerical calculations described. in the previous section. The thermal diffusivities and thermal boundary resistance, obtained by fitting the experimental data sets as described below for each substrate, are held constant between the four different diffraction geometries.
Curve SR (surface reflected) in Fig. 3 corresponds to grating excitation from the free YBCO surface and detection in the reflected diffraction geometry. The probe beam samples the closest 30 nm of the sample to the free surface preferentially. The heat is localized near the free surface immediately after the initial deposition due to the strong optical absorption of the grating excitation beams. The signal decays as heat diffuses away from the free surface region. The signal geometry is virtually unaffected by the thermal boundary resistance at the interface, making it the ideal candidate to independently determine the thermal flow rate inside the film.
The thermal (nonoscillatory) signal decays of the two SR curves in Fig. 3 have an experimentally indistinguishable temporal decay rate. The numerical fits to the SR geometry shown in Fig. 3 give a diffusion constant of 0.0026*0.0002 cm'/s for both the MgO and SrTiO, substrate samples. This is in reasonable agreement with the results previously obtained (0.0029 cm*/s) using the transient grating method on similar oriented thin films with MgO substrates.' Hence, the growth of YBCO on either MgO or SrTiO, substrates does not appear to effect the thermal diffusivity either in or out of the plane of the film far from the interface. The remaining three diffraction geometries (IR, IT, and ST in Fig. 1 ) can now be analyzed to extract the thermal boundary resistance.
The fastest decaying signals in Fig. 3 are the IR (interface-retlected) curves. The signal decay is primarily due to heat flow through the film-substrate boundary and to the diffusion of heat away from the inter-facial region into the bulk of the film. These relatively fast decay components can be attributed to three interfacial terms in Eq.
( 1) that describe the reflected diffraction efficiency. The three components are from the second and third terms in the brackets in the first integral and the entire second integral in Eq. ( 1) . Each of these terms has an exponential function in the integrand that localizes the signal generation near the incident interface due to both optical absorption and interference. The remaining term in Eq. ( 1) is a bulk (equally weighted throughout the substrate) contribution to the signal from the substrate (x < 0). There is an additional slowly decaying component to the signal that is relatively small in amplitude. This component arises from all the terms in Eq. ( 1). At long time ( -10 ns) the offset of the IR decay primarily reflects the temperature rise in the substrate near the interfacial boundary.
In previous work the MgO was assumed to be a perfect heat sink.5 However, because SrTiOs has a five times smaller thermal conductivity than MgO, the finite thermal flow in SrTiO, must be considered for an accurate description of the thermal distribution. The finite thermal conduction in MgO is also included for completeness, though including the finite thermal conductivity of MgO leads only to a small ( -10%) perturbation in the measured thermal boundary resistance. For the SrTiO, substrate, where the thermal conductivity is -10 times larger than along the c-axis direction in YBCO, the temperature builds up to about 20% of that in the film -1 ns after the initial excitation. In contrast, the MgO substrate, where the thermal conductivity is -50 times larger than in YBCO, has a temperature rise of about 5% of that in the film -I ns after the initial excitation. Since the grating diffraction efficiency is proportional to the square of the peak grating temperature change, the SrTiOs substrate sample would be expected to give a much stronger signal than the MgO substrate sample at long time. This is what the IR curves in Fig. 3 show. The amplitude of the longest decay component for the IR geometry has a marked offset for SrTiO,, while for MgO there is virtually no offset. Consequently, this offset provides a measure of the substrate temperature or the efficiency of the substrate as a heat sink. In addition, since this signal is produced and detected near the interface, the short time decay (-2 ns) in the IR geometry is very sensitive to the magnitude of the boundary resistance.
The remaining two transmitted diffraction geometries (IT and ST) in Figs. 1 and 3 provide a mixture of signals from the bulk of the film and substrate and from the interfacial region. Consequently, they are sensitive to the redistribution of heat in both the substrate and film. All four geometries provide an over determined system that acts as a check on the particular assumptions made in modeling the system.
Three of the diffraction geometries (ST, IT, and IR) are substantially effected by the boundary resistance. The thermal barrier parameter f, defined just prior to Eq. (9), takes on a value of 0.08 f 0.01 for the MgO substrate sample. This is about 4 times larger than in previous studies utilizing the transient grating technique on similar YBCOMgO samples.? The samples utilized here were produced using the same basic techniques"Z'2 as the samples used in previous transient grating studies,*" however, they were made in a different apparatus at another location. This demonstrates that significant variation can occur in the boundary resistance as a result of sample preparation.
While the parameter f is model independent, the model for the boundary barrier resistance between YBCO and MgO is sensitive to the barrier width assumed [see Eq. (.9)]. The maximum barrier width that gives good quality tits to all four diffraction geometries defined in Fig. 1 is 10 A. This is the value that is used for the fits shown in Fig.  3 . When an order of magnitude larger barrier width (100 A) is used, the numerical calculations described in Sec. III give a significantly less precise fit to at least one of the four experimental diffraction geometries shown in Fig. 3 . It is possible to fit two or three of the geometries reasonably well, but no single pair of boundary resistance and thermal diffusivity constants can be found_ that fit all four geometries. When the barrier width is reduced to 1 A, the quality of the fits remains unchanged although the barrier resistance is decreased by a factor of 10 [see Eq. (9)]. An upper limit of about 10 A can therefore be placed on the effective barrier width in contrast to the 100 A barrier width assumed in other work. 1,4 This illustrates the potential power that the transient grating technique can have by incorporating multiple diffraction geometries into the experiment. If only one of the geometries that is sensitive to the boundary resistance is utilized, for example, the IT geometry, it would not be possible to obtain information about the effective barrier width. The SrTiO, substrate sample does not have a clearly defined thermal barrier parameter. In addition to the boundary resistance, the decays are measurably effected by the finite thermal conductivity in the substrate. The fits shown in Fig. 3 are calculated with f =O. 16. However, any value between 0.10 and 1.0 gives equally good fits to the four data sets in Fig. 3 (b) . This arises from the fact that the finite thermal conductivity in the substrate limits the thermal flow out of the film as much as, if not more than, the barrier itself.** This can be seen by inspecting the thermal spatial distributions inside the samples shown in Fig.  4 . These distributions are the intermediate results in calculating the final diffraction efficiency fits in Fig. 3 . Figure  4 presents the thermal distributions for the interfacial excitation geometry [ Fig. 1 (a) ] that are calculated for the IR and IT transient grating data in Fig. 3 . The interface between the film and substrate in Fig. 4 is located at x = 0 and the free film surface is located at x= 190 nm. Only the nearest 400 nm to the interface are shown for the substrate thermal profile, although the numerical calculation grid extends 7.5 times further out.
The thermal profiles inside the YBCO films (positive side of the x axis) are very similar for both the MgO and TABLE I. Summary of thermal boundary resistance measurements performed between YBazC!u30,-, thin films and a variety of substrates taken from the literature and as reported in this work. All samples are thin films (0.01-l pm) in epitaxial contact with the substrate unless otherwise noted. SrTiO, substrates shown in parts (a) and (b) of Fig. 4 , respectively. However, the thermal profiles on the substrate side of the interface are substantially different. For the MgO substrate in Fig. 4(a) , the temperature profile has a relatively small maximum temperature in the substrate and is spatially uniform on a distance scale of 100 nm. In contrast, the SrTiO, substrate in Fig. 4 (b) has a temperature rise about four times higher near the interface with a substantial spatial gradient due to the relatively slow thermal diffusivity in the substrate. After about 4 ns, the temperature discontinuity, or jump, across the interface is almost zero for the SrTiO, substrate, i.e., Tsubstrate= Tfilm at x=0. For MgO, however, even after 16 ns the temperature jump across the film-substrate interface is approximately equal to the temperature in the substrate at the interface. This illustrates the important role that a finite thermal conductivity in the substrate has on thermal flow across an interface. Literature values for the thermal barrier resistance are summarized in Table I and compared to the measurements performed in this paper. The results .vary by about one order of magnitude for the epitaxial films depending on preparation techniques and measurement methods. Some of the measurements in the literature presumed a 100 A erentially, providing information about the spatial distribarrier width.rp4 The boundary resistance would have been bution of the thermal flow rates. The thermal flow from reduced an order of magnitude for these measurements if a YBCO to a SrTiO, substrate is shown to be limited by the 10 A barrier width had been assumed as in this paper. This finite thermal conductivity inside the bulk substrate. Conillustrates the importance of determining an accurate barsequently, only an upper limit can be placed on the boundrier width.
ary resistance for the YBCO-SrTi03 interface. For either barrier width (10 or 100 A), all of the thermal boundary resistances are -10-100 times larger than predicted by the acoustic mismatch modelz2 A TB3 temperature dependence for the thermal boundary resistance would be indicative of the acoustic mismatch model for ballistic phonons. However, there is no evidence in the literature for such a steep temperature dependence over the range 10-300 K for YBCO epitaxial films.3-5 The thermal boundary resistance actually changes much less than one order of magnitude between 10 and 300 K. The barrier must therefore be diffusive in nature for temperatures significantly greater than 10 K. The physical origin of the large boundary resistance may arise from a nonuniform interfacial thermal conductivity26 or from the nature of the phohon mode structure near the interface due to the complex crystal configuration of YBC0.27*28 For rapid thermal energy transport across an interface, there must be a good overlap of the phonon density of states and mode displacements in the two materials."2'29 The elementary substrate crystal structures (MgO, LaA103, CaTiO,, and SrTi03) that have been utilized to date1V3-5 all have relatively simple phonon structures, which may explain the similar thermal boundary resistances that have been observed for YBCO epitaxial films on different crystalline substrates. MgO would be expected to have the fewest low frequency optical phonon modes since it has the least complicated crystal structure. This implies that YBCO-MgO interfaces would have one of the largest thermal boundary resistances for epitaxial contact based on a density of states argument.
V. CONCLUDING REMARKS
The thermal transient grating technique has been demonstrated to be an effective technique for determining the thermal transport rates in thin films and the nature of microscopic thermal contact between two materials. The technique has the advantage of being an all optical nondestructive method, since no mechanical contact is made with the sample. By using multiple grating excitation and detection geometries, detailed information about the spatial distribution is obtained that would not otherwise be available from a single excitation or probe geometry. For example, it was possible to determine the maximum thickness of the thermal inter-facial barrier.
The anisotropic bulk thermal diffusivity constants in 190 nm thin films of YBa,Cu,O,-, (YBCO) have been measured. The diffusivity measurements reported here are in good agreement with previously measured values. Boundary resistance measurements have been performed on YBCO thin films in epitaxial contact with MgO and SrTiO, substrates. A maximum barrier width of -10 A has been inferred from the simultaneous measurement of four different transient grating diffraction geometries. The four geometries probe different regions in the sample pref-
